Lactic acid bacteria possess NAD-dependent L-or D-lactate dehydrogenase (L-or D-LDH; EC 1.1.1.27 or 1.1.1.28, respectively), or both, fermenting the corresponding stereoisomer of lactic acid (13) . The two LDHs are distinct from each other in both substrate stereospecificity and protein structure (6, 8, 19, 25, 27, 28) , and D-LDH shares a common protein structure with various D-2-hydroxyacid dehydrogenases (11, 14, 15, 24) , and even with other dehydrogenases, such as formate (21, 23, 29) and L-alanine (4) dehydrogenases.
Instead of or sometimes together with (7) D-LDH, some lactic acid bacteria have D-LDH-related enzymes that have alternative functions. It is known that a D-LDH-related enzyme called VanH is involved in the vancomycin resistance of vancomycin-resistant Enterococcus (1, 10) . VanH has a broader substrate specificity than the usual D-LDHs and is able to utilize 2-ketobutyrate as well as pyruvate. On the other hand, certain Lactobacilli are known to have D-2-hydroxyisocaproate dehydrogenases (D-HicDHs), which utilize still larger aliphatic or aromatic substrates than D-LDHs (7, 16, 18, 22) , although their actual physiological role is uncertain. Furthermore, the enzymes purified from Lactobacillus curvatus (17) , Enterococcus faecalis (30) , and the yeast Rhodotorula graminis (2, 3, 5, 12) have been reported to efficiently catalyze the conversion between benzoylformic acid (C 6 H 5 -CO-COO Ϫ ) and D-mandelic acid (C 6 H 5 -CHOH-COO Ϫ ) and are called D-mandelate dehydrogenases (D-ManDHs) (17) , although their crucial relationship to D-LDH remains uncertain (5, 12) . D-LDH-related enzymes such as D-HicDHs and D-ManDHs are promising for industrial application, because optically active 2-hydroxyacids are valuable for the synthesis of useful compounds (16) (17) (18) 30) . In the process of screening lactic acid bacteria for D-ManDH activity, we found that E. faecalis IAM 10071 contains two distinct forms of an enzyme that exhibit marked D-ManDH activity.
For the screening of 28 lactic acid bacteria (Table 1) , the enzyme assay was performed at 30°C in 0.1 M sodium phosphate buffer (pH 7.5) containing 0.12 mM sodium NADH and 14.7 mM sodium benzoylformate. One unit was defined as the catalytic rate of 1 mol of substrate per min. Protein concentrations were determined with Bio-Rad protein assay protein reagent according to the method of Bradford (9), with bovine serum albumin as a standard. Test tubes containing 8 ml of liquid Lactobacillus MRS medium (Difco, Detroit, Mich.) were inoculated with three loopfulls of cells from fresh slant cultures on MRS medium and incubated at 37°C for 3 days with agitation. The cells were harvested by centrifugation at 11,000 ϫ g for 10 min and then washed with 0.1 M sodium phosphate buffer (pH 7.0). After being lyophilized, the cells were stored at Ϫ20°C until use. The dried cells were suspended in the same buffer containing 2 mM 2-mercaptoethanol and then were disrupted by sonication on ice. Clear supernatants of the cell-free extracts of the bacteria, which contained 12 to 33 g of protein per ml, were obtained by centrifugation at 11,000 ϫ g for 10 min and examined for NADH-dependent benzoylformate-reducing activity. Among cell extracts of 28 lactic acid bacteria examined ( Table 1) the extract of E. faecalis IAM 10071 exhibited the highest specific activity for NADH-dependent benzoylformate reduction (5.6 U/mg). Except for Lactobacillus fermentum SBT 2558 (1.2 U/mg), the other strains showed no or much weaker activity than E. faecalis IAM 10071.
During purification of E. faecalis IAM 10071 enzymes, the assay was carried out at 30°C in 50 mM Tris-HCl buffer (pH 7.5) containing 0.1 mM sodium NADH and 10 mM sodium benzoylformate. For the determination of kinetic parameters, the enzyme reactions were performed in the presence of various concentrations of 2-ketoacids or D-mandelate and a saturating amount of NADH (0.1 mM) or NAD ϩ (5 mM), respectively. Kinetic parameters were calculated from plots of [S]/v versus [S] . The purity of the enzyme preparations was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to Laemmli (20) .
E. faecalis IAM 10071 cells were grown at 37°C in MRS broth (1 liter), harvested in the early stationary phase, and then washed with 50 mM Tris-HCl buffer (pH 7.5), which was used for all of the enzyme purification steps. After the addition of ammonium sulfate to 25% saturation and centrifugation, the clear supernatant from approximately 10 g (wet weight) of the packed cells was applied to a column of Butyl Toyopearl 650M gel (Tosoh, Tokyo, Japan), which had been equilibrated with buffer containing ammonium sulfate (25% saturation), and eluted with a linear gradient of ammonium sulfate from 25 to 0% saturation. This and all of the following column chromatographies were performed at room temperature with a BioLogic system (Bio-Rad).
Two obvious peaks of benzoylformate-reducing activity were reproducibly obtained by Butyl Toyopearl 650M column chromatography, even after repeated single-colony isolation of E. faecalis IAM 10071 cells. Because the strain contains at least two distinct forms of D-ManDH, the two apparent D-ManDHs were tentatively named D-ManDH1 and D-ManDH2 according to the order of their elution and further purified separately. After dialysis, the pool for D-ManDH1 was loaded onto a column of Blue Sepharose CL-6B gel (Amersham-Pharmacia Biotech). The gel was washed with buffer containing 100 mM NaCl, and then the active enzyme fraction was eluted in the presence of 1 mM NADH. Unlike D-ManDH1, D-ManDH2 could not be absorbed onto Blue Sepharose CL-6B gel under the same conditions. The D-ManDH2 pool was therefore loaded onto a DEAE-Sepharose CL-6B gel column and then eluted with a linear NaCl concentration gradient from 0 to 0.5 M. Both the D-ManDH1 and D-ManDH2 samples were highly diluted in these steps, because they were broadly eluted from the Blue Sepharose and DEAE-Sepharose, respectively. Therefore, both of the enzyme samples were concentrated and concomitantly further purified by repeated Resource Q (Amersham-Pharmacia Biotech) column chromatography with a linear gradient of 0 to 1 M NaCl. The finally purified D-ManDH1 and D-ManDH2 samples each gave a single major protein band (at least 90% of the total proteins) with distinct mobilities on SDS-PAGE (Fig. 1) . The data for the purification of the two D-ManDHs are summarized in Table 2 . Figure 2 shows the pH profiles of kinetic parameters (K m , V max , and V max /K m values) for benzoylformate reduction by D-ManDH1 and D-ManDH2 in the pH range of 4.5 to 8.5. For both enzymes, the K m values were apparently constant above pH 6.5, but were greatly reduced below pH 6.0 ( Fig. 2A) , while the V max values were less affected by pH in both D-ManDH1 and D-ManDH2 (Fig. 2B) . Thus, D-ManDH1 and D-ManDH2 consistently showed the maximal catalytic efficiencies (V max / K m ) at pH 4.5, or possibly below pH 4.5 ( Fig. 2C) , although the former showed slightly larger K m and V max values than the latter in the whole pH range (Fig. 2B) . On the other hand, D-ManDH2 exhibited maximal reaction velocity at a slightly higher temperature (35 to 45°C) than D-ManDH1 (30 to 40°C) at pH 7.5 (data not shown). (16, 18) and Lactobacillus delbrueckii subsp. bulgaricus (7) in their substrate specificity, although these enzymes consistently prefer 2-ketoisocaproate among 2-ketoacid substrates (Table 3) . First, it has been reported (18) that L. casei D-HicDH can not catalyze D-mandelate oxidation, unlike these D-ManDHs, although its activity toward benzoylformate is uncertain. Second, the two Lactobacillus D-HicDHs can hardly utilize C3-branched 2-ketoacid substrates, such as 2-ketoisovalerate, compared with unbranched substrates, such as 2-ketovalerate; i.e., they show about a 400-fold larger K m for the former substrates than for the latter (7, 16) . Therefore, the two newly isolated enzymes should be called D-ManDHs rather than D-HicDHs, as in the case of the three reported enzymes that effectively catalyze the conversion of benzoylformate to D-mandelate (5, 17, 30) .
Among the reported D-ManDHs, the E. faecalis IFO 12964 (30) and L. curvatus DSM 20019 (17) enzymes are known to be highly active toward both aromatic and aliphatic substrates, like D-ManDH1 and D-ManDH2, while the other yeast Rhodotorula enzyme is unique because of its strict specificity for aromatic substrates such as benzoylformate and phenylpyruvate (2). In particular, the E. faecalis IFO 12964 enzyme resembles D-ManDH1 and D-ManDH2 in its preference for C3-branched substrates (2-ketoisovalerate) to unbranched substrates (2-ketovalerate) and in its maximal activity for benzoylformate reduction at pH 4.5 (30) . Among the present three Enterococcus enzymes, D-ManDH2 exhibits smaller K m values for most substrates under essentially the same assay conditions (pH 7.5, 30°C), while the other two enzymes are also similar to each other in their K m values (Table 2) .
It is known that Lactobacillus D-HicDHs (11) and D-LDHs (19, 25, 27) 
